ABSTRACT
Introduction
One important ingredient of commercial aquaculture feeds is fish oil. It has been estimated that aquafeeds currently use about 60% of the global supply of fish oil, and that by the year 2010, it will be about 75% [1] . Fish oil is produced from small marine pelagic fish and represents a finite fishery resource. Over the past decade, global fish oil production has reached a plateau due to overexploitation of many capture fisheries. Therefore, in order to sustain the rapid growth of the global aquaculture industry; it is becoming increasingly crucial for the aquafeed industry to evaluate alternatives to fish oils.
Many authors have addressed the issue of fish oil replacement in aquafeeds [2, 3] , but to date, the works on H. longifilis are relatively limited. Fish oil replacement with alternative lipid sources seems to be possible if the essential fatty acid (EFA) requirements are satisfied [4] . Fatty acids (FA) are well known to have multifunctional effects on the metabolism of fish. Fatty acids supply energy and are components of membranes, pheromones and hormones [5] .
Fish are unable to synthesize the EFA, such as linoleic (18:2 n-6) and linolenic acid (18:3 n-3) de novo. Therefore, fish must obtain these substances via food [6] . The requirements of EFA for high growth rates of some cultured fish species are well investigated and most of them have a species-dependent demand for n-3 and n-6 FA. In general, it appears that cold water fish require PUFA of n-3 series, whereas warm water species need PUFA from either the n-3 and n-6 series. For example, salmonids fed with high amounts of linolenic acid (18:3 n-3) obtain optimal growth rates [7] . Japanese eel (Anguilla japonica) and common carp require both n-3 and n-6 FA and tropical warm water species like Tilapia zilli have a higher need for n-6 than for n-3 [6] . Some freshwater fish can elongate and desaturate FAs with 18 carbons, specifically linolenic acid to PUFA with 20-22 carbons of the n-3 series. This ability to synthesize EPA and DHA from linolenic acid allows the formulation of diets containing less expensive plant oils/animal fats. The market value of cultured fish largely depends on their quality and feed composition is one of the factors that control quality [8, 9] . It is currently well established that increased fish consumption in human is associated with decreased mortality, as well as morbidity from cardiovascular disease (CVD) and coronary heart disease (CHD) [10, 11] . Consequently, the links between fish as food and human health are strongly related to the fatty acid composition of the food [12] [13] [14] . The fatty acid profile of fish can be modified with diets containing alternative lipid sources [13] . H. longifilis is an economical food fish cultured primarily in freshwater ponds in tropical countries. It is a candidate for commercial culture because of its special qualities which include hardiness, rapid growth, disease resistance, high yield potential, high fecundity, air breathing, and good market potential [15] . This study was undertaken to determine the effects of the alternative lipids on growth, histology, fillet and liver fatty acid composition of H. longifilis, the subject of this study.
Materials and Methods

Oil Sources and Experimental Diets
Cod liver oil (FO) was purchased from a pharmaceutical shop, Palm kernel oil (PKO), sheabutter oil (SBO) and sunflower oil (SFO) were purchased from a local market in Ilorin, Nigeria. Lard (PL) and chicken fat (CF) were obtained from Nabest food company (Ogbomoso, Nigeria). The six experimental diets ( Table 1) were formulated to contain either 6% FO, PKO, SBO, PL, SFO or CF. Fish oil was used in the control diet and was completely replaced with the alternative lipid sources in the other five diets. The diets were formulated to contain similar content of total fat, protein and energy. This was confirmed by chemical analysis ( Table 1) . The difference in the diets was the lipid source, leading to variations in the fatty acid concentration of the diets ( Table 2) . The diets were made into pellet with meat mincer through 2 mm die, sundried, packed in polythene bags, sealed and stored at -10℃ until used. The H. longifilis fingerlings were obtained from the National Institute for Freshwater Fisheries Research (New-Bussa, Nigeria). Upon arrival fish were stocked in 60-litre plastic tanks in a flow-through system and acclimated to laboratory conditions for two weeks. During acclimation, fish were fed to apparent satiation twice a day using a commercial feed. Group of 20 fish were batch weighed and stocked into each tank. Three tanks were randomly assigned to each diet group. Water quality was maintained by continuous aeration and a flow rate of 1litre per minute per tank. Dissolved oxygen and ammonia levels were within the normal range recommended for catfish [16] . A diurnal light/dark cycle of 12:12 h, water temperature of 26 ± 1℃ and pH of 6.9 ± 0.2 were maintained during the feeding trial. Fish were fed to apparent satiation twice daily (09:00 and 16:00) for twelve weeks. Fish in each tank were counted and weighed every two weeks.
Sample Collection and Analysis
The faecal material egested between the two feeds (day-time collection) was negligible and irregular. As such, only the faecal material collected overnight was used for the study. Admittedly, there would have been a certain degree of leaching of nutrient material from the faeces, and as such would affect the digestibility estimations, but such effects are believed to be minimal [17] . Furthermore, as the same procedure was adopted for all the diets this should not influence the results on the comparison of the different oil types. Pellets of faecal matter were siphoned out, taking care not to break, and sundried. As the amount of material collected each day was insufficient to perform all the chemical analyses, faecal matter collected over ten consecutive days was pooled, for each of the three replicates of each diet.
Apparent percent digestibility estimations were based on pooled faecal samples, from each replicate, for each of the diets. Faecal samples for each of the diets was analysed for dry matter, protein and total lipid in triplicate. The percent apparent dry matter (%ADM), protein (%PD) and lipid (%LD) digestibility of the diets were determined using standard formulae [18] . The formulae used were:
Diets were analysed for proximate composition using standard methods [19] . Moisture was determined gra-FNS 14 vimetrically after drying in oven at 105℃ for 24 h; ash by incineration in a muffle furnace at 450℃ for 16 h; protein (N × 6.25) by the Kjeldahl method after acid digestion; lipids by petroleum ether extraction and chromic oxide of diet and faeces by acid digestion according to Furakawa and Tsukahara [20] . At the end of the trial, H. longifilis was fasted for 24 h and anesthetized with solution of methane sulphonate (MS222) [21] . The fish were then dissected and their liver removed and weighed for the determination of hepatosomatic index (HSI).
Liver samples were collected for histology from three fish per treatment. Samples were fixed in 10% buffered formalin, dehydrated in graded ethanol series and embedded in paraffin. Serial 4 m sections were stained with haematoxylin and eosin [22] . Stained sections were examined on a Carl Zeiss Axiophot microscope (Carl Zeiss Garden City, UK) for nuclear displacement and cytoplasm vacuolization.
Fatty acid analysis was performed on three samples of each experimental diet and pooled fillet and liver samples for the three replicates of each experimental treatment. The extraction of total lipids and preparation of fatty acid methyl esters was performed according to Sukhija and Palmquist [23] . Fatty acids methyl esters were separated by gas chromatography (GC) on a Varian Model 3300 gas chromatograph equipped with flame ionisation detector. A flexible fused silica Megabore column (30 m × 0.32 mm, 1 µm film thickness) with bonded stationary phase of CP-WAX was employed. Helium was used as the carrier gas at 1.0 ml/min, inlet pressure 12 psi. Injector and the detector temperatures were 250 and 300℃, respectively. The column temperature was programmed to be initially 140℃ for 5 min and then to increase at a rate of 3℃ to a final temperature of 240℃. Fatty acids methyl esters were identified in comparison to an external standard (Supelco TM 37 component FAME Mix).
The data were subjected to analysis of variance (ANOVA) and if significant (P < 0.05) differences were found, Duncan's multiple range test [24] was used to rank the group using SPSS version 13.0.
Results
Growth Performance
For the entire experimental period live weight of H. longifilis for the PL and PKO diets were higher (P = 0.0001) than for the other diets ( Table 3) . Similar trends were evident for %gain and specific growth rate (SGR). The SGR was highest in fish fed the PL and lowest (P = 0.0001) for fish fed the SFO diet treatment.
The lowest (P = 0.001) FCR was observed for the FO treatment but it was not different from that of fish fed PKO, PL and MSO. Feed intake of fish was similar (P = 0.44) for all the dietary groups. Significant differences (P = 0.0001) were observed among dietary treatments for HSI. Fish fed diet containing CF had the lowest liver weight; the highest value was obtained in fish fed SBO diet.
The apparent digestibility (AD) of dry matter (DM), protein (P), and lipid (L) of the experimental diets in H. longifilis is given in Table 3 . The AD of DM (0.73-0.79) and nutrients of the diets were rather high (P and L ranged from 0.84 to 0.87 and 0.78 to 0.89, respectively), and significant (P = 0.0001) differences among diets were observed for AD of DM, P and L. The AD of DM, P and L were lowest for the SFO diet, and differed (P = 0.0001) from those from the other diets. 
Histological Observations
The clinical picture of the fish liver sections from the different groups is shown in Figures 1-3 . Dietary lipid seams to induce lipid accumulation in the liver. Livers from fish fed CF diets showed apparent steatosis with intense lipid accumulation (Figure 1) . The integrity of the hepatocytes was also affected; swelling and nuclei displacement were evident in the examined liver. The hepatocyte in livers from the FO, SBO, and PL (Figure 2 ) diet fed fish was associated with mild lipid accumulation with scattered irregularity in shape. Livers of fish fed the PKO and SFO (Figure 3 ) diets showed the best picture with regular-shaped hepatocytes having centrally located nuclei with no noticeable lipid accumulation in their cytoplasm.
Fatty Acid Composition of the Diet and Fish Fillet
The fatty acid analysis of dietary lipids reflected the ad- dition of plant oils and animal fats and their main composition is given in Table 2 . Total saturated fatty acidsranged from 18.85% in diet SFO to 80.84% in diet PKO. Oleic acid ranged from 9.72% in diet FO to 38.76% in diet SBO. Linoleic acid was highest in SFO diet 44.91%, while the PKO diet contained the lowest percentage (1.93%). Percentages of EPA ranged from 0.09 in SBO diet to 11.08% in FO diet (a 99% reduction compared to the FO diet), while DHA ranged from 0.08% in SBO diet to 12.75% in FO diet (a 99.40% reduction compared to FO diet). The n-3/n-6 fatty acids ratio ranged from 0.21 in SFO to 1.97 in fish oil (a 95% reduction compared to FO diet). Fillet FA composition of total lipids varied with the lipid source used and reflected the FA profile of the diets ( Table 4) . Saturated FA proportion was reduced (P = 0.0001) in the fillet of fish fed SFO diet whereas they were significantly increased (P = 0.0001) in the muscle of fish fed SBO diet. Oleic acid increased significantly in the fillet of fish fed alternative lipids. The highest increase was observed in fish fed PKO diet (P = 0.0001). Linoleic acid increased in the fillet of SFO fed fish, being 3.6 times higher than the FO dietary group. Total n-6 fatty acid (FA) were significantly reduced in fillet of fish fed SBO diet, largely due to significant lower 18:2n-6 and 20:4n-6 concentrations in the fillet. Total n-3 FA was significantly reduced in the fillet of fish fed the alternative lipid sources diets. The reduction was more pronounced for EPA than for DHA. These differences in individual fatty acid concentrations resulted in respective significant n-3/n-6 reduction.
Fatty Acid Profile of the Liver Fat
Liver of fish fed SBO had higher (P = 0.001) concentration of total saturated FA (62.51%) than for fish fed other lipid sources ( Table 5 ). The SFO had the lowest concentration of saturated, total monoenes, total n-9 FA and 18:1n-9. Total saturated FA ranged from 20.74% in SFO fed fish to 62.51% in the SBO fed fish. The total monoenes FA concentrations were higher in PKO fed fish. Liver tissue of fish fed SFO diet was highest in 18:2n-6, total n-3, 20:5n-3 and 22:6n-3 and those fish fed FO diet were higher in 18:3n-3. Total n-6 FA in liver was similar in fish fed diets containing PKO and SBO and lower than in fish fed the other diets. Total n-3 FA in liver was highest in fish fed diets containing SFO and lowest in MSO fed fish. The ratio of n-3 to n-6 FA in liver was highest in fish fed FO diet, lowest in fish fed PKO and intermediate in fish fed the other diets.
Discussions
The results of this trial, where FO was substituted with alternative lipid sources, hold promise that complete replacement of marine FO with vegetable oil and animal fats alternatives is a possibility in H. longifilis diet. Both vegetable and animal fats can meet the energy requirements of the fish by providing easily oxidized FA and, generate fillet fatty acid composition that are beneficial to the consumer by maximising retention of desirable FA such as DHA (22:6n-3) and EPA (20:4n-3 ).
This study demonstrated that feeding diets containing PL and PKO had significant effects on growth rate or feed conversion ratio above fish fed FO and other diets. This finding is consistent with previous studies showing successful partial or total replacement of dietary fish oil with vegetable oil in African catfish [25] [26] [27] , rainbow trout [28] , sharpsnout sea bream [29] and Atlantic salmon [30, 31] without showing any negative impact on growth.
Fish eating diet containing SBO displayed a significant higher hepatosomatic index than those fed FO or other alternative lipid sources. This could be attributed to the digestibility of fish fed this diet, leading to lipid deposition in the liver enterocytes.
The apparent digestibility coefficients are high in all the experimental diets, with a lower value in the case of SFO. This may be due to a higher affinity of digestive lipases for some FA and/or to absorption rate and efficiency differences between FA leading to a different utilization of individual fatty acids [3] .
The high apparent lipid digestibility values fell within the range of other studies in which practical diets were used [32] [33] [34] , supporting the statement by Olsen and Ringө [35] , that lipids are generally well digested by fish. The significant differences between the dietary treatments with regards to apparent lipid digestibility were similar to those reported for muray cod [36] when fish oil was substituted incrementally by a vegetable oil. In consideration that the experimental diets were isonitrogenous and isolipidic these differences were likely attributable to differences in the individual FA composition of each diet.
In fish it is well known that FA digestibility decreases with increasing chain length [37] . Thus the digestibility of saturated FA is 14:0 > 16:0 > 18:0. This could be the reason for improved digestibility and growth performance recorded for PL and PKO fed fish.
Steatosis is classically described as a relatively mild liver alteration due to an excessive (or unbalanced) dietary intake of lipids which saturate the physiological capacity of the liver to handle, thus leading to lipid droplet (triglycerides) accumulation. The synthesis and degradation of FA occurred mainly in the liver, and several enzymes regulating these pathways show varying affinities for the different fatty acids available in the organ [38] , thus imbalance in the dietary fatty acids could modify the functioning and morphology of this organ. In addition, liver function as a main energy reservoir, frequently in the form of triacylglycerols (TG), in certain species such as cod [39] , sea bream or sea bass [40] . Thus, when dietary lipid or energy exceeds the capacity of the hepatic cells to oxidize fatty acids, or when protein synthesis is impaired, the result is the large synthesis and deposition of TG in vacuoles, leading to a morphological pattern known as steatosis. Liver steatosis has been frequently observed associated with nutritional imbalances in cultured fish [41] . In sea bream, steatosis has been observed as a result of an EFA deficiency [42] , the use of artificial diets [43] and the inclusion of vegetable oils [44] . When Sparus auratus and D. labrax were fed diets differing in lipid composition, steatotic livers were observed in fish fed on diets characterized by low PUFA/MUFA ratio. Liver histological sections of fish in this study showed an extensive infiltration of lipid droplets in hepatocytes, especially in fish fed diets containing CF. These morphological changes could be associated with nutritional imbalance in terms of EFAs-18:2n-6 and 18:3n-3.
The essential fatty acid requirements for H. longifilis are not known, but the results of this study suggest that they may be low compared with channel catfish that require 0.5-0.75% EPA and DHA [45] . Since there was no observable symptoms of EFA deficiency such as fin erosion, a shock syndrome, myocarditis, reduced growth rate, reduced feed efficiency, and increased mortality [45, 46] in any of the dietary treatments. It appears that the percentage of fishmeal contained in all diets provides a sufficient amount of EFA. Also in fish species like H. longifilis that can desaturate and chain elongate 18:2n-6 or 18:3n-3, an absence of either of these fatty acids in the diet has been showed leads to the desaturation and chain elongation of oleic acid, 18:1n-9, to 20:3n-9, which is characteristic of an EFA deficiency in many terrestrial animals [45] . Thus when EFA are deficient, increased concentrations of 20:3n-9 are incorporated into tissue lipids in place of 20:4n-6, 20:5n-3, or 22:6n-3. The lower concentration of 20:3n-9 and increased concentrations of 20:4n-6, 20:5n-3 and 22:6n-3 in the tissue of H. longifilis showed that the dietary EFA requirements are met.
This study, with total replacement of fish oil with alternative lipid sources shows that specific FA were selectively retained in the fillet of the fish; especially DHA and arachidonic acid (AA) concentrations were higher than the dietary concentrations. Similar results were also found for gilthead sea bream (Sparus aurata L.) [47] , European sea bass [48, 49] , rainbow trout [32] and turbot [50] . The same effect was also observed in liver, where DHA and AA concentrations showed a preference in the retention which is in accordance with Menoyo et al. [51] in gilthead sea bream and Torstensen et al. [52] in Atlantic salmon. The selective retention of DHA could be related to the higher beta-oxidation of eicosapentaenoic acid (EPA) compared to DHA [53] , due to the complex catabolism of this fatty acid [54] . This probably indicates a selective catabolism of EPA over DHA when dietary levels decrease, possibly to meet the requirement for tissue membrane composition and function. The reduction of EPA in both fillet and liver at a lesser extent than its respective dietary concentration suggest utilization of this fatty acid.
In fish fed SFO diet, palmitic acid (16:0) concentrations in the liver were low comparing to dietary concentrations. Suggesting that liver metabolism is predisposed to treat 16:0 differently than most other fatty acids and its level is more tightly controlled than for other tissues. This was also observed in rainbow trout [28] and gilthead sea bream [47] . Palmitic acid is an important component of phospholipids, especially at the sn-1 position of phosphatidylcholine and to a lesser extent, phosphatidylethanolamine. The presence of dietary phospholipids improves lipid digestibility, absorption and transport [55, 56] . Olsen et al. [57, 58] suggest that diet containing phospholipids have a higher apparent lipid digestibility than diets containing high amount of triacylglycerols. This supports the observation in this study that fish on PL and PKO had higher apparent lipid digestibility than those from the other group, because of their higher concentrations of palmitic acid which is a component of phospholipids.
In conclusion, this study showed that H. longifilis performed optimally on diets containing PKO, PL and CF with respect to weight gain, specific growth rate, feed intake and feed conversion ratio.
Therefore, it is recommended that PKO, PL and CF be
